Under conditions (0.2% C02; 1% 02) that allow high rates of photosynthesis, chlorophyll fluorescence was measured simultaneously with carbon assimilation at various light intensities in spinach (Spinacia oleracea) leaves. Using a stoichiometry of 3 ATP/C02 and the known relationship between ATP synthesis rate and driving force (ApH), we calculated the light-dependent pH gradient (ApH) In photosynthesis, the reactions of the electron transport chain which produce NADPH and ATP are tightly regulated, depending on the demand for NADPH and ATP. In leaves the adenylate system never is fully phosphorylated, nor is the NADP system ever fully reduced (1). One important component of regulation is the so-called "photosynthetic control" of electron flow by the pH gradient (ApH) across the thylakoid membrane (2, 3). When more light is absorbed than can be used for assimilation, the increased ApH restricts electron transport. Restriction is caused by a ApH-dependent increase in energy dissipation (4-6) and a ApH-dependent control of electron transfer between photosystems (PSs) II and I (7, 8) .
In photosynthesis, the reactions of the electron transport chain which produce NADPH and ATP are tightly regulated, depending on the demand for NADPH and ATP. In leaves the adenylate system never is fully phosphorylated, nor is the NADP system ever fully reduced (1). One important component of regulation is the so-called "photosynthetic control" of electron flow by the pH gradient (ApH) across the thylakoid membrane (2, 3) . When more light is absorbed than can be used for assimilation, the increased ApH restricts electron transport. Restriction is caused by a ApH-dependent increase in energy dissipation (4) (5) (6) and a ApH-dependent control of electron transfer between photosystems (PSs) II and I (7, 8) .
Most studies of the effects of ApH on electron transport have been carried out with isolated thylakoids or chloroplasts, because it was not possible to measure ApH across the thylakoid membrane in intact leaves. Even with isolated thylakoids and chloroplasts, reliable estimates of ApH are difficult to obtain (9) . No quantitative information has been available about the ApH magnitude in an intact leaf and its significance in relation to energy dissipation and control of electron transport in leaves.
In this study we calculate ApH across the thylakoid membrane in intact leaves and present evidence that photosynthetic electron transport is regulated by ApH in a hexacooperative manner.
MATERIALS AND METHODS Spinach (Spinacia oleracea L. cv. Polka) was grown in a greenhouse with a 10-hr day/14-hr night cycle. For ATP hydrolysis measurements, thylakoid membranes were isolated (10) . The ATP hydrolysis activity of membrane-bound H+-ATPase was measured in the presence of 30% methanol (11, The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 12 ) and the liberated Pi was monitored by absorbance at 740 nm (13) . The system used for simultaneous measurements of CO2 exchange and modulated chlorophyll (Chl) fluorescence of the leaf has been described in detail (3, 14) . Modulated Chl fluorescence was measured with a PAM Chl fluorometer (Walz, Effeltrich, Germany) (5) . Saturating red flashes of 1 s produced maximum fluorescence. Chi fluorescence nomenclature and calculation of photochemical quenching (qp) and nonphotochemical quenching (qN) of Chl fluorescence were according to van Kooten and Snel (15) 
RESULTS
ApH Across the Thylakoid Membrane in Intact Leaves. The basic idea of this work was to calculate ApH across the thylakoid membrane inside intact leaves from the known ATP requirement of CO2 assimilation and the known relationship between ATP synthesis and driving force. Measurements of CO2 assimilation were performed under increased CO2 concentrations (0.2%) to prevent CO2 limitation, at least at low and intermediate photon flux densities. The 02 concentration was decreased to 1% to suppress photorespiration. Under these conditions most of the ATP produced by photophosphorylation is used for CO2 fixation. On this basis, the CO2 uptake rate was recalculated into ApH according to the following scheme (see Fig. 1 (19, 20) . Using the three conversion steps, we calculated the light-dependent increase in ApH across the thylakoid membrane from the measured light dependence of the CO2 uptake rate (Fig. 1 ). Under our measuring conditions ApH hardly exceeded 2.7 units (Fig. 1B) .
To estimate the Chl/H+-ATPase stoichiometry, we measured the ATP hydrolysis rate with isolated thylakoid membranes. Measured ATP hydrolysis rates ranged from 77.1 to 96.6 ATP/(1000 Chl.s) [87.2 ± 2.4 ATP/(1000 Chl.s); n = 8).
With an ATP hydrolysis rate of 90 ATP/(H+-ATPase.s) for the membrane-bound H+-ATPase (21) (Fig. 3 ) values of Chl fluorescence were calculated from fluorescence measurements parallel to the CO2 uptake measurements and plotted as a function of light intensity and as a function of ApH. The ApH-dependent plots suggested a highly cooperative pH dependence which was described by titration curves according to
where n is the degree of cooperativity, Liml is the value of y at pH << pKa, and Lim2 is the value of y at pH >> pKa. (0) and 14 min (v) after onset of actinic illumination. In B a titration curve according to Eq. 1 was fitted to the data. This yielded pKa = 2.633 ± 0.003 and Liml = 0.983 ± 0.007 when n = 6 and Lim2 = 0 were fixed ( ). A three-parameter fit with Lim2 = 0 gave n 6.87 ± 0.37, pKa = 2.631 ± 0.002, and Limi = 0.975 0.007, and a four-parameter fit yielded n 5.23 + 0.96, pKa = 2.74 + 0.12, Liml = 0.980 ± 0.008, and Lim2 = -1.39 2.38. According to an F test (probability > 0.5) the data followed a hexacooperative titration. For comparison titration curves with n = 1 (-----) andn = 3 (. ), but otherwise the same parameters as for the solid line, are indicated. A regression analysis of the data by Eq. 1 faces the problem that four independent parameters (n, pKa, Limi, and Lim2) have to be adjusted. We therefore routinely tried to fix one or two of the four parameters. Fig. 4B ). From the measured CO2 uptake (Fig. 1) (Fig. 1) . Some further assumptions were made to carry out this calculation. The first was that 3 ATP molecules are synthesized per CO2 molecule consumed. This assumption is a simplification, as in an intact leaf there are always other processes in addition to carbon assimilation which consume ATP. However, the FDpsil/ FDco, ratio of 10.0 (Fig. 4C ) indicated that about 80% of the electrons transported by PS II ended up in CO2 assimilation. Therefore it is very likely that at least 80% of the ATP produced by photophosphorylation was used for CO2 assimilation. Even if 20% of the ATP were used for processes other than CO2 assimilation, this would result just in an error of 0.1 pH unit for the calculated ApH.
A second assumption was a constant stoichiometry of 1000
Chl/H+-ATPase. (20, 24) . Therefore it seems to be justified to neglect Ap and to assume that ApH is the principal driving force for ATP synthesis.
The calculation of the ApH from the ATP synthesis rates was based on the assumption that ATP synthesis was not substrate limited. For the conditions used here (22-24°C and 0.2% CO2) the data of Dietz and Heber (1) (4, 6, 26) . In those studies where absolute intrathylakoid HI concentrations were calculated, there was at most a 10% effect at pH 5.0 and a half-maximum effect at pH 4.5 or lower (4, 6) . The relation between qN and the intrathylakoid pH reported for isolated chloroplasts is much flatter and has a midpoint -1 pH unit lower then calculated by us for chloroplasts inside an intact leaf. We do not wish to speculate about the differences, as the molecular mechanism of qN are still unknown and various hypotheses have been discussed (27). (5, 6) . The coefficient qN describes the relative amount of absorbed energy which is dissipated (6) 
